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DETECTION OF PATHOGENS USING
UNMODIFIED METAL NANOPARTICLES

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is the U.S. national phase of International
Patent Application No. PCT/CA2014/050482, filed May 23,
2014, which claims the benefit of priority of U.S. Provi-
sional Patent Application No. 61/855.811, filed May 24,
2013, which is hereby incorporated by reference.

FIELD

The present disclosure relates to a method for the detec-
tion of pathogens using unmodified metallic nanoparticles.

BACKGROUND

Metallic nanoparticles have been the subject of extensive
research due to their unique optical, electronic, and molecu-
lar-recognition properties. They have applications in a wide
variety of areas, including chemical analysis, medical diag-
nosis and environmental monitoring. Metallic nanoparticles
are emerging as promising biosensors because of their
unique properties and ability to interact with biomolecules.
For example, metallic nanoparticles have been explored for
the detection of oligonucleotides, proteins and cells.

US 2005/0059042 A1l describes a method of oligonucle-
otide detection utilizing gold nanoparticles with either single
stranded (ss) or double stranded (ds) deoxyribonucleic acid
(DNA). Electrostatic interactions were used to distinguish
between ssDNA and dsDNA because ssDNA adsorbs on
gold and prevents their aggregation in a salt solution while
dsDNA does not prevent aggregation. This aggregation
leads to color change and thus, ssDNA remains pink while
dsDNA turns blue. This method is limited to oligonucle-
otides and requires the use of salt for aggregation of nano-
particles.

US 2008/0268450 Al describes a method of detecting
proteins using surface modified magnetic nanoparticles
along with gold nanoparticles. The magnetic nanoparticles
are modified with antibodies against the protein of interest as
well as specific oligonucleotide sequences. The gold nano-
particles are modified with complimentary oligonucleotide
sequence. The protein of interest is first concentrated by
separation using the magnetic nanoparticles. These particles
are then complexed with the gold nanoparticles and detec-
tion is performed using thin layer chromatography (TLC)
chips. This approach requires the use of a magnet for protein
separation and also additional TL.C chips for separation of
gold nanoparticles. Thus, several steps are involved in
detection.

WO 2012/139122 A1 describes a gold nanoparticle-based
colorimetric assay for detecting nucleic acids from viral,
bacterial and other microorganisms in clinical specimens
using unmodified gold nanoparticles and specific oligotar-
geter polynucleotides that bind to the pathogen-specific
nucleic acids.

US 2012/0302940 A1 describes functionalized gold nano-
particles for use in the treatment of cancer cells and patho-
genic bacteria. In this case, the nanoparticles were modified
with specific oligonucleotides or antibodies that would bind
to cancer cells or bacteria. The cells were characterized
using Raman spectroscopy before and after photothermal
treatment. The absence of a Raman spectrum after treatment
demonstrated the effectiveness of the treatment at killing the
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respective cells. This technique requires the use of a specific
label for the cells and also a Raman spectrometer for
quantification of the cells.

Methods employing modified metallic nanoparticles can
suffer from several disadvantages. For example, different
functionalized nanoparticles are required for different tar-
gets; separation of ligands for functionalizing nanoparticles
(such as DNA) can be costly; covalent conjugation of
bioactive ligands onto the surface of nanoparticles could
reduce their reactivity. Furthermore, methods employing
modified nanoparticles can be time-consuming, require
numerous reagents and steps, and require expensive equip-
ment and/or specialized expertise.

It is desirable to provide detection methods using metallic
nanoparticles that do not require modification. In particular,
it is desirable to provide a simple method for the detection
of pathogens using unmodified metallic nanoparticles.

SUMMARY

The present disclosure relates to a method for the detec-
tion of pathogens using unmodified metal nanoparticles,
such as gold nanoparticles.

In one aspect, there is provided a method of detecting a
pathogen in a sample comprising: contacting a sample with
a plurality of unmodified metallic nanoparticles under con-
ditions suitable to permit association of the nanoparticles
with the pathogen, if present; and assessing the association
of'the nanoparticles with the pathogen (e.g. the surface of the
pathogen) to determine whether the pathogen is present or
absent. In some embodiments, the method is a colorimetric
method.

In one aspect, there is provided a colorimetric method for
detecting a pathogen in a sample comprising: contacting a
sample with a plurality of unmodified metallic nanoparticles
under conditions suitable to permit association of the nano-
particles with the pathogen, if present; assessing a colori-
metric property of the sample to determine whether the
pathogen is present or absent.

In some embodiments, assessing comprises comparing
the colorimetric property of the sample to a control. In some
embodiments, the colorimetric property is assessed visually.
In some embodiments, the colorimetric property is assessed
using a spectrophotometer, such as a UV-Visible spectro-
photometer.

In some embodiments, the metallic nanoparticles are gold
nanoparticles.

In some embodiments, the nanoparticles are less than
about 1000 nm, less than about 500 nm, less than about 400
nm, less than about 300 nm, less than about 200 nm, less
than about 150 nm, less than 100 nm, less than 90 nm, less
than about 80 nm, less than about 70 nm, less than about 60
nm, less than about 50 nm, less than about 40 nm, less than
about 35 nm, less than about 30 nm, less than about 25 nm,
less than about 20 nm, less than about 15 nm, less than about
10 nm, less than about 9 nm, less than about 8 nm, less than
about 7 nm, less than about 6 nm, less than about 5 nm, less
than about 4 nm, less than about 3 nm, less than about 2 nm,
less than about 1 nm.

In some embodiments, the nanoparticles are between
about 1 nm and about 1000 nm, between about 10 nm and
about 1000 nm, between about 1 nm and about 500 nm,
between about 10 nm and about 500 nm, between about 1
nm and about 250 nm, between about 10 nm and about 250
nm, between about 1 nm and about 200 nm, between about
10 nm and about 200 nm, between about 1 nm and about 150
nm, between about 10 nm and about 150 nm, between about
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1 nm and about 100 nm, between about 10 nm and about 100
nm, between about 1 nm and about 80 nm, between about 10
nm and about 80 nm, between about 1 nm and about 60 nm,
between about 10 nm and about 60 nm, between about 1 nm
and about 50 nm, between about 10 nm and about 50 nm,
between about 1 nm and about 40 nm, between about 10 nm
and about 40 nm, between about 1 nm and about 30 nm,
between about 10 nm and about 30 nm, between about 1 nm
and about 20 nm, between about 10 nm and about 20 nm,
between about 1 nm and about 10 nm, between about 1 nm
and about 5 nm, between about 1 nm and about 4 nm,
between about 1 nm and about 3 nm, or between about 1 nm
and about 2 nm. In some embodiments, the nanoparticles are
in the range of about 10 to about 200 nm.

In some embodiments, the nanoparticles have branches.
In some embodiments, the nanoparticles have 1 to 20
branches, 1 to 15 branches, 1 to 10 branches, 1 to 9 branches,
1 to 8 branches, 1 to 7 branches, 1 to 6 branches, 1 to 5
branches, 1 to 4 branches, 1 to 3 branches, 1 to 2 branches.
In some embodiments, the nanoparticles have 1, 2, 3, 4, 5,
6,7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19 or 20
branches. In some embodiments, the nanoparticles have 1 to
15 branches.

In some embodiments, the nanoparticles comprise a mix-
ture of two or more distinct populations of nanoparticles.

In some embodiments, the pathogen is selected from
bacteria, virus, fungi, protozoa and prion. In some embodi-
ments, the pathogen is bacteria. In some embodiments, the
bacteria is selected from the group consisting of Staphylo-
coccus aureus, Streptococcus pneumoniae, Enterococcus
faecalis, Achromobacter xylosoxidans, Escherichia coli,
Delftia acidovorans, Pseudomonas aeruginosa, Serratia
marcescens, Stenotrophomonas maltophilia, Amycolatopsis
azurea, Amycolatopsis ovientalis, Bacillus lichenformis,
Bacillus subtilis, Lactococcus lactis, Lactobacillus planta-
rum, Pseudomonas putida, Streptomyces coelicolor, Strep-
tomyces griseus, Shewanella oneidensis, Vibrio fischeri,
Vibrio alginolyticus, Micrococcus luteus, Pichia pastoris,
Edwardsiella tarda, Elizabethkingia meningoseptica, Sal-
monella  typhi, Salmonella typhimurium, Salmonella
enterica, Staphylococcus epidermis, Kelbsiella pneumoniae,
Bacillus cereus, Mycobacterium tuberculosis, Acinetobacter
baumannii, Helicobacter pylori, Listeria monocytogenes,
Bacillus anthracis, Chlamydia trachomatis, Neisseria gon-
orrhoeae, Treponema pallidum, Campylobacter jejuni,
Legionella  pneumophila, Haemophilus influenza, or
Clostridium difficile.

In some embodiments, the conditions suitable to permit
association of the nanoparticles with the pathogen, if pres-
ent, comprise a contact period at least 5 seconds, at least 10
seconds, at least 30 seconds, at least 1 minute, at least 5
minutes, at least 10 minutes, at least 30 minutes, at least 1
hour, at least 5 hours, at least 8 hours, at least 12 hours, about
5 seconds to about 12 hours, about 10 seconds to about 1
hour, about 10 seconds to about 10 minutes, about 1 minute
to about 1 hour, about 1 hour to about 8 hours, or about 1
hour to about 12 hours.

In some embodiments, the sample is a non-biological
sample. In some embodiments, the sample is sterile product,
such as an eye drop or an ear drop. In some embodiments,
the sample is an eye care product, such as a contact lens
solution.

In some embodiments, the method further comprises
identifying the pathogen. In some embodiments, identifying
comprises comparing the colorimetric property of the
sample to one or more positive controls containing known
pathogen. In some embodiments, identifying comprises
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comparing the colorimetric property of the sample, or the
pattern of nanoparticle association on the surface of the
pathogen, to unique fingerprints for known pathogens. In
some embodiments, the method is used for distinguishing
between two or more different bacteria.

In some embodiments, the method further comprises
quantifying the pathogen. In some embodiments, quantify-
ing comprises comparing the colorimetric property of the
sample to a standard curve. In some embodiments, quanti-
fying comprises surface enhanced Raman spectroscopy.

In another aspect, there is provided method of identifying
a pathogen comprising: a) contacting a sample suspected of
containing a pathogen with a plurality of metallic nanopar-
ticles under conditions suitable to permit association of the
nanoparticles with the pathogen; and b) comparing a colo-
rimetric property of the sample and/or the pattern of nano-
particle association on the surface of the pathogen to unique
fingerprints for known pathogens. In some embodiments, the
nanoparticles comprise a mixture of two or more distinct
populations of nanoparticles. In some embodiments, the
colorimetric property is UV-Visible absorbance. In some
embodiments, the pattern of nanoparticle association on the
surface of the pathogen is assessed using transmission
electron microscopy (TEM).

In another aspect, there is provided a “fingerprint” of a
known pathogen created based on a colorimetric property of
a sample containing the known pathogen when exposed to a
plurality of metallic nanoparticles under conditions suitable
to permit association of the nanoparticles with the pathogen
and/or created based on the pattern of nanoparticle associa-
tion on the surface of the pathogen. Such fingerprints are
useful in identifying an unknown pathogen in a sample. In
some embodiments, the nanoparticles comprise a mixture of
two or more distinct populations of nanoparticles. In some
embodiments, the colorimertric property is UV-Visible
absorbance. In some embodiments, the pattern of nanopar-
ticle association on the surface of the pathogen is assessed
using transmission electron microscopy (TEM). In some
embodiments, the unknown pathogen is a bacterium.

In another aspect, there is provided, a kit for the direct
detection of pathogen in a sample comprising: a container
for receiving a sample suspected of containing a pathogen;
a plurality of unmodified metallic nanoparticles; optionally,
a liquid for suspending the nanoparticles prior to mixing
with the sample; and instructions for carrying out the
method.

Other aspects and features of the present disclosure will
become apparent to those ordinarily skilled in the art upon
review of the following description of specific embodiments
in conjunction with the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present disclosure will now be
described, by way of example only, with reference to the
attached Figures.

FIG. 1. Definition of various parameters for characteriz-
ing a gold nanostar. Total diameter is the maximum length
of line segment that passes through the center of the star;
Minor diameter is the minimum length of the line segment
that passes through the center of the star; branch length is the
distance from the tip of the branch to the expected curvature
of the star core; branch width is the width measured at half
the branch length.

FIG. 2. Transmission Electron Micrographs (TEM) of
Gold Nanostars. a) TEM images of thirty nanostar samples
(scale bar: 50 nm). Various parameters defined in FIG. 1,
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measured from the TEM images for nanostars: b) Branch
length (n=10; mean+S.E) c¢) Branch width (n=10;
mean+S.E), d) Total diameter (n=10; mean+S.D.), ¢) Num-
ber of branches (n=10; mean+S.E.).

FIG. 3. Distribution of branches. The distribution of
branches for the entire 30 nanostar set was characterized
using TEM images, and is recorded above, corresponding to
bins of a) 0-2 branches, b) 3-5 branches and ¢) 6+ branches.

FIG. 4. Optical properties of gold nanostars. a) Photo-
graph showing the color of gold nanostars b) UV-Visible
absorption spectra for four of the gold nanostars with
varying seed and CTAB concentrations. Effect of CTAB and
seed concentrations on c¢) UV-Visible absorbance peaks
(n=6, mean+S.D.), and on d) Full Width Half Maximum
(FWHM) (n=6, mean+S.D.).

FIG. 5. Color change of gold nanostars in the presence of
Staphylococcus aureus: a) Significant visible color change
in the presence of 5x10° CFU/well S. aureus in a 96-well
microplate; b) the final, maximum color change in the red
component of RGB color model plotted against the gold
seed and CTAB amounts; ¢) Evolution of the change in
intensity of red component of color over time for each
sample.

FIG. 6. Quantification of color change with bacteria.
Maximum change in RGB values for color change in the
presence of S. aureus is plotted against gold nanostar
sample. The red component was found to have the greatest
representation of color change for the nanostars. The blue
and green components were found to correspond to the red
components, as expected due to overall color change in the
wells.

FIG. 7. Dependence on surfactant concentration. The
effect of CTAB concentration on the ability to detect bac-
teria. Saline (2.25% with ~0.006% nutrient broth) was used
as control and S. aureus was prepared at a baseline normal-
ized absorption of 0.1 at 660 nm (ODgg).

FIG. 8. Selectivity of an optimized formulation of gold
nanostars. UV-UV-Visible absorption spectra of gold nano-
stars in water, in saline with broth, in the presence of S.
aureus, in the presence of 3 um, 1 um and 0.1 pm carboxylic
acid functionalized polystyrene particles, in the presence of
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)
liposomes, 1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-
glycerol) (DMPG) liposomes and 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine (DMPE) liposomes.

FIG. 9. TEM images of gold nanostars selected for
“chemical nose”. a) Gold nanostar with several branches
referred to as ‘blue’ solution and b) Gold nanoparticles with
almost no branches and referred to as ‘red’.

FIG. 10. Overview of bacteria identification. Change in
color of gold nanostars caused by varying degrees of aggre-
gation due to the differences in surface charge, surface area
and morphology of bacteria. The photograph shows the
color when different species of bacteria with final
ODy,=0.02 are added to different gold nanostars.

FIG. 11. Changes in absorption spectra of gold nanostars.
Absorption spectra of gold nanostars upon addition of either
saline (with broth) or bacteria with final OD,,=0.02: a) blue
nanostars; b) red nanostars; ¢) purple nanostars.

FIG. 12. Analysis of peaks from absorption spectra.
Response of gold nanostars to saline (with broth) control and
different species of bacteria with final OD4,=0.02: a) Nor-
malized absorbance response (n=7-8; mean+S.D.) and aver-
age number of aggregated gold nanostars per bacterium by
TEM (n=8; mean+S.E.). b) Canonical scores plot of the
response from Linear Discriminant Analysis (LDA) of
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purple nanostars (544 nm and 583 nm) for different species
of bacteria. 95% confidence ellipses are presented for each
population.

FIG. 13. TEM images of gold nanostars aggregating
around bacteria. a) Staphylococcus aureus, b) Achromo-
bacter xylosoxidans, ¢) Delftia acidovorans, d) Stenotroph-
omonas maltophilia. Scale bars are 200 nm each.

FIG. 14. Concentration dependent response of bacteria.
Normalized absorbance response for purple gold nanostars
in the presence of S. aureus, E. coli, E. faecalis, S. pneu-
moniae, P, aeruginosa, A. xylosoxidans, D. acidovorans and
S. maltophilia at different concentrations.

FIG. 15. Dendrogram representing hierarchical clustering
analysis. Most populations of species and strains of bacteria
can be distinguished because of their unique responses.

DETAILED DESCRIPTION

The present disclosure relates to a method for the direct
detection of pathogen in a sample using unmodified metallic
nanoparticles. In some embodiments, the method is a colo-
rimetric detection method. The combination of unmodified
metallic nanoparticles and colorimetric detection provides a
method that is simple, rapid and economical compared to
prior art methods that require modified nanoparticles or
expensive detection equipment. Moreover, the method does
not require labeling of the target pathogen and is capable of
detecting a broad spectrum of pathogens.

The term “metallic nanoparticle”, as used herein, refers to
particulate matter composed of metal atoms and having a
particle size less than about 1000 nm in at least one
dimension. Metallic nanoparticles may include, but are not
limited to nanoparticles composed of gold, silver, copper,
zine, aluminum and platinum. In some embodiments, the
metallic nanoparticles are gold or silver nanoparticles. In
some embodiments, the metallic nanoparticles are gold
nanoparticles.

Gold nanoparticles exhibit surface plasmon resonance,
which is useful in their colorimetric detection. Small
monodisperse gold nanoparticles causes an absorption of
light in the blue-green region of the spectrum (~520 nm)
while red light (~700 nm) is reflected, yielding a rich red
color. As particle size increases, the wavelength of absorp-
tion shifts to longer wavelengths. Red light is then absorbed,
and blue light is reflected, yielding solutions with a blue or
purple color. The surface plasmon resonance can be tuned by
varying the size or shape of the nanoparticles, leading to
particles with tailored optical properties.

The term “unmodified”, as used herein, means that the
nanoparticles have not undergone surface modification, such
as functionalization or conjugation to a target-specific ligand
or label, in order to carry out the detection method. A skilled
person will be familiar with various methods of modifying
nanoparticles and will therefore readily understand the
meaning of unmodified. Use of unmodified gold nanopar-
ticles in colorimetric detection methods is described, for
example, in Sha et al, 2011.

Metallic nanoparticles can be formed in many different
shapes and sizes according to methods known to those
skilled in the art (Xiao and Qi, 2011; Sun and Xia, 2002), as
well as the exemplary methods disclosed herein. One exem-
plary method for forming gold nanoparticles is a two-step
method involving seed-mediated growth. In a first step,
spherical seed particles are generated using sodium citrate as
a stabilizer and sodium borohydride as a strong reducing
agent for the gold ions in solution. The formation of nano-
seeds can be visualized since the solution turns a pale red
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color as the nanoseeds form. In the second step, L.-ascorbic
acid is used as a weak reductant and cetyltrimethylammo-
nium bromide (CTAB) is used as a shape-templating sur-
factant to grow the seeds into larger particles of desired size
and morphology in a solution of gold salt. Anisotropic
growth of non-spherical nanoparticles, such as nanostars,
may be encouraged using silver ions to create active sites
where branching occurs. As the branched nanostars form,
the solution turns from red to blue or purple depending on
the size and morphology of the nanostars.

It will be understood that other surfactants could be used.
For example, CTAB could be replaced with another surfac-
tant from the same family as described by (Xiao and Qi,
2011). This family includes cetyltriethylammonium bro-
mide, cetyltripropylammonium bromide, cetyltributylam-
monium bromide, cetylpyridin. The surfactant could also
include those that have alkyl chains ranging from C,, to C,,.
Additionally bromide salts can be replaced with other halide
salts such as chloride. A mixed system of surfactants can
also be used, for example a combination of benzyldimeth-
ylhexadecylammonium chloride and CTAB.

It is demonstrated herein that the size and degree of
branching of gold nanostars can be controlled by varying the
amount of gold seed and/or the concentration of surfactant
used in forming the nanoparticles, while keeping the con-
centration of silver nitrate, [.-ascorbic acid and gold salt in
solution constant. Increased gold seed volume results in
smaller, more spherical, nanoparticles, while increased con-
centration of surfactant results in a higher degree of branch-
ing and longer branches.

The nanoparticles employed in the detection method may
be any suitable shape or size that results in a detectable
colorimetric response in the presence of pathogen, as may be
determined by a skilled person. Exemplary nanoparticle
shapes include, but are not limited to, nanospheres, nanos-
tars, nanorods, nanocubes, nanoprisms, triangular and hex-
agonal nanoplates, nanocages, nanoshells, nanocapsules,
dendritic nanoparticles, nanooctahedrons, nanocuboctahe-
drons, nanopyramids, nanodecahedrons, nanoisosahedron
and nanowires.

In some embodiments, the nanoparticles are substantially
spherical.

In some embodiments, the nanoparticles have branches
(e.g. nanostars). In some embodiments, the nanoparticles
have 1 to 20 branches, 1 to 15 branches, 1 to 10 branches,
1 to 9 branches, 1 to 8 branches, 1 to 7 branches, 1 to 6
branches, 1 to 5 branches, 1 to 4 branches, 1 to 3 branches,
1 to 2 branches. In some embodiments, the nanoparticles
have 1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19 or 20 branches.

When nanoparticles are substantially spherical in shape,
their size is determined by their diameter. When nanopar-
ticles have branches, their size is determined by their total
diameter, e.g. the maximum length passing through the
center to include potential branches (see FIG. 1). The size of
nanoparticles may be measured using any method known in
the art. In some embodiments, the size is measured manually
from images, such as transmission electron microscopy
(TEM) images of the nanoparticles.

Some nanoparticles, such as nanowires, have a very high
aspect ratio and may reach sizes up to about 10 uM.
Accordingly, in some embodiments, the nanoparticles are
less than about 10 uM.

Many nanoparticles, including nanostars, will fall into the
range of about 1 nm to about 1000 nm. In some embodi-
ments, the nanoparticles are less than about 1000 nm. In
some embodiments, the nanoparticles are less than about
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500 nm, less than about 400 nm, less than about 300 nm, less
than about 200 nm, less than about 150 nm, less than 100
nm, less than 90 nm, less than about 80 nm, less than about
70 nm, less than about 60 nm, less than about 50 nm, less
than about 40 nm, less than about 35 nm, less than about 30
nm, less than about 25 nm, less than about 20 nm, less than
about 15 nm, less than about 10 nm, less than about 9 nm,
less than about 8 nm, less than about 7 nm, less than about
6 nm, less than about 5 nm, less than about 4 nm, less than
about 3 nm, less than about 2 nm, less than about 1 nm.

In some embodiments, the nanoparticles (including nano-
stars) are between about 1 nm and about 1000 nm, between
about 10 nm and about 1000 nm, between about 1 nm and
about 500 nm, between about 10 nm and about 500 nm,
between about 1 nm and about 250 nm, between about 10
nm and about 250 nm, between about 1 nm and about 200
nm, between about 10 nm and about 200 nm, between about
1 nm and about 150 nm, between about 10 nm and about 150
nm, between about 1 nm and about 100 nm, between about
10 nm and about 100 nm, between about 1 nm and about 80
nm, between about 10 nm and about 80 nm, between about
1 nm and about 60 nm, between about 10 nm and about 60
nm, between about 1 nm and about 50 nm, between about 10
nm and about 50 nm, between about 1 nm and about 40 nm,
between about 10 nm and about 40 nm, between about 1 nm
and about 30 nm, between about 10 nm and about 30 nm,
between about 1 nm and about 20 nm, between about 10 nm
and about 20 nm, between about 1 nm and about 10 nm,
between about 1 nm and about 5 nm, between about 1 nm
and about 4 nm, between about 1 nm and about 3 nm, or
between about 1 nm and about 2 nm.

It will be understood that a population of nanoparticles
may not be entirely uniform (e.g. monodisperse or homo-
geneous). There may be some variability in the size and/or
shape of nanoparticles in a particular population of nano-
particles. For example, where a particular size or size range
is specified, it will be understood that at least a majority of
the nanoparticles in the population will have the specified
property. Similarly, where a particular degree of branching
is specified, it will be understood that at least a majority of
the nanoparticles in the population will have the specified
property. The term “at least a majority” typically means at
least about 70%, at least about 80%, at least about 90%, or
even about 100% for highly monodisperse populations (e.g.
about 70%-100%, about 80%-100%, about 90%-100%, or
about 100%).

In some embodiments, a plurality of nanoparticles may
comprise a mixture of two or more populations of distinct
nanoparticles of different shapes and/or sizes. In some
embodiments, a plurality of nanoparticles may comprise two
or more (e.g. 2, 3,4, 5, 6,7, 8 9, 10, or more) distinct
populations of nanoparticles. In some embodiments, a plu-
rality of nanoparticles may comprise two distinct popula-
tions of nanoparticles. In some embodiments, a plurality of
nanoparticles may comprise three distinct populations of
nanoparticles. In some embodiments, a plurality of nano-
particles may comprise four distinct populations of nano-
particles. In some embodiments, a plurality of nanoparticles
may comprise five distinct populations of nanoparticles.
Distinct populations of nanoparticles may associate differ-
ently with the surfaces of different pathogens to thereby
create a unique colorimetric response that can serve as a
“fingerprint” to identify a pathogen.

A solution containing gold nanoparticles will range in
color depending on the size and shape of the nanoparticles
in the solution and the degree of aggregation of the particles.
Aggregation of un-aggregated gold nanoparticles in solution
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leads to a color change. The optimal size and shape of the
nanoparticles employed in the method can be determined by
a person skilled in the art and may be selected based on, for
example, a desired color difference in the presence versus
the absence of pathogen. It could also be determined based
on the specificity required to distinguish between different
species of the pathogen.

Alternatively, the nanoparticles could be modified with
ionic molecules which serve the same purpose as the
unmodified nanoparticles, i.e. allow electrostatic interac-
tions with the bacteria. Such nanoparticles should still
perform in the same manner as the unmodified nanoparticle,
but they may require surfactants in solution.

It is demonstrated herein that unmodified gold nanopar-
ticles are capable of directly associating with the surface of
pathogens. The pathogens themselves do not require any
modification. The methods disclosed herein are believed to
be useful for detecting a broad spectrum of pathogens. This
provides an advantage over prior art methods that detect
only a specific target pathogen (e.g. detecting target-specific
DNA).

As used herein, “pathogen” refers to a microorganism,
such as a bacterium, virus, fungus, protozoan or prion,
whose surface is capable of associating with unmodified
gold nanoparticles, as described herein. Without being
bound by theory, it is believed that gold nanoparticles
associate with the surface of pathogens, at least in part, via
electrostatic interaction with polyanionic residues present on
the surface of pathogens.

In some embodiments, the pathogen is a pathogen that is
tested for in a hospital or clinic setting. In some embodi-
ments, the pathogen is a pathogen that is tested for in the
environment, such as water contamination. In some embodi-
ments, the pathogen is a pathogen that is tested for in
medical products, such medicines and medical-grade solu-
tions. In some embodiments, the pathogen is a pathogen that
is tested for in a laboratory. In some embodiments, the
pathogen is a pathogen that is tested for in consumer goods.
In some embodiments, the pathogen is a pathogen that is
tested for in foods, including beverages. In some embodi-
ments, the pathogen is a pathogen that is tested for in
cosmetic products.

In some embodiments, the pathogen is a bacterium. As
demonstrated herein, the method can be used to detect a
broad spectrum of bacteria, including Gram-positive and
Gram-negative bacteria. Interestingly, gold nanoparticles
were found to associate differently with the surfaces of
different bacteria, thereby providing a unique “fingerprint”
that can be used to distinguish between different bacteria.
The “fingerprint” may be a unique colorimetric response
(e.g. a unique UV-Visible absorption spectra) or it may be a
unique pattern of nanoparticle association on the surface of
a pathogen (e.g. visible in transmission electron microscope
(TEM) images).

In some embodiments, the bacterium is selected from
Staphylococcus aureus, Streptococcus pneumoniae, Entero-
coccus faecalis, Achromobacter xylosoxidans, Escherichia
coli, Delftia acidovorans, Pseudomonas aeruginosa, Serra-
tia marcescens, Stenotrophomonas maltophilia, Amyco-
latopsis azurea, Amycolatopsis orientalis, Bacillus lichen-
formis, Bacillus subtilis, Lactococcus lactis, Lactobacillus
plantarum, Pseudomonas putida, Streptomyces coelicolor,
Streptomyces griseus, Shewane/la oneidensis, Vibrio fisch-
eri, Vibrio alginolyticus, Micrococcus luteus, Pichia pasto-
ris, Edwardsiella tarda, Elizabethkingia meningoseptica,
Salmonella typhi, Salmonella typhimurium, Salmonella
enterica, Staphylococcus epidermis, Kelbsiella pneumoniae,
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Bacillus cereus, Mycobacterium tuberculosis, Acinetobacter
baumannii, Helicobacter pylori, Listeria monocytogenes,
Bacillus anthracis, Chlamydia trachomatis, Neisseria gon-
orrhoeae, Treponema pallidum, Campylobacter jejuni,
Legionella  pneumophila, Haemophilus influenza, or
Clostridium difficile.

In some embodiments, the bacterium is selected from
Staphylococcus aureus, Streptococcus pneumoniae, Entero-
coccus faecalis, Achromobacter xylosoxidans, Escherichia
coli, Delftia acidovorans, Pseudomonas aeruginosa and
Stenotrophomonas maltophilia.

In some embodiments, the bacterium is Staphylococcus
aureus. In some embodiments, the bacterium is Streptococ-
cus preumonia. In some embodiments, the bacterium is
Enterococcus faecalis. In some embodiments, the bacterium
is Achromobacter xylosoxidans. In some embodiments, the
bacterium is Escherichia coli. In some embodiments, the
bacterium is Delftia acidovorans, In some embodiments, the
bacterium is Pseudomonas aeruginosa. In some embodi-
ments, the bacterium is Stenotrophomonas maltophilia.

In some embodiments, the pathogen is a virus. In some
embodiments, the virus is selected from penaeus vannamei
nodavirus, white spot syndrome virus, infectious myonecro-
sis virus, influenza HIN1 virus, human immunodeficiency
virus, human papillomavirus, hepatitis A virus, hepatitis B
virus, hepatitis C virus, dengue virus, Kaposi’s sarcoma
associated herpesvirus, peste des petits ruminants virus,
plum pox virus, Gemini virus, Newcastle disease virus,
herpes simplex virus, varicella-zoster virus, picornavirus,
and poxvirus.

In some embodiments, the pathogen is a protozoan. In
some embodiments, the protozoan is selected from Leish-
mania, Acanthamoeba, Entamoeba, Giardia, Plasmodium or
Trypanosoma.

In some embodiments, the pathogen is a fungus. In some
embodiments, the fungus is selected from from Candidia
albicans, Aspergillus niger, Fusarium solani, Cryptococcus
neoformans, Histoplasma capsulatum, Histoplasma capsu-
latum, Pneumocystis jirovecii, Stachybortrys chartarum,
Bortiytis cinema,

In some embodiments, the pathogen is a prion. In some
embodiments, the prion causing transmissible spongiform
encephalopathies.

The present disclosure provides a simple method for
detecting the presence or absence of pathogen in a sample
using unmodified metallic nanoparticles. The method may
be a colorimetric detection method. Although gold nanopar-
ticels are exemplified in the specification, a skilled person
will appreciate that other metallic nanoparticles may also be
used. In some embodiments, the method also allows for
identification and/or quantification of the pathogen detected.

The method is based on the discovery that unmodified
gold nanoparticles are capable of associating, e.g. interact-
ing, with the surface of pathogens. This association leads to
aggregation of the nanoparticles around the pathogen
because the distance between nanoparticles is reduced as
compared to the nanoparticles in solution in the absence of
pathogen. The aggregation leads to a color change due to a
shift in the surface plasmon resonance of the nanoparticles.
This color change can then be detected. Thus, in the present
method, a pathogen, when present, may be detected directly
via aggregation of the nanoparticles on the surface of the
pathogen. This is in contrast to various prior art methods that
rely on indirect detection of a target using nanoparticles.

When there is a great deal of nanoparticle aggregation on
the surface of pathogens, the number of nanoparticles
remaining in solution, i.e. not aggregated, is significantly
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reduced—Ileading to a loss of color in the solution because
of a change in the surface plasmon resonance of the gold
nanoparticles. This is a unique property of noble metal
particles: their surface plasmon resonance {frequency
changes upon aggregation because the particles are now
coupled. This change in frequency causes a loss in the color
because the nanoparticles do not absorb light in the visible
region. This causes a loss of the UV-Visible absorption peak
and is detectable as well as quantifiable. Thus, a sample
containing pathogen will have a different color than a sample
that is free of pathogen. Additionally, different pathogens
have a unique number of nanoparticles associated on the
surface, and the spacing of the particles may also differ,
which leads to a unique colorimetric response (e.g. “finger-
print”) that can be used to identify the pathogens.

The method generally comprises contacting a sample with
a plurality of unmodified metallic nanoparticles under con-
ditions suitable to permit association of the nanoparticles
with the pathogen, if present, and assessing a colorimetric
property of the sample to determine the presence or absence
of the pathogen.

The assessing step may comprise comparing a colorimet-
ric property of the sample to a corresponding colorimetric
property of a suitable control and determining whether there
is a difference between the sample and the control. The
colorimetric property of the sample or control will depend at
least in part on the relative amount of nanoparticles associ-
ated with the surface of pathogens (and their degree of
aggregation) and the amount of nanoparticles remaining in
the solution.

In one embodiment, there is provided a colorimetric
method for detecting a pathogen in a sample, which com-
prises: a) contacting a sample suspected of containing a
pathogen with a plurality of unmodified metallic nanopar-
ticles under conditions suitable to permit association of the
nanoparticles with the pathogen, if present; b) assessing a
colorimetric property of the sample; and ¢) comparing the
colorimetric property of the sample to a control. The method
may further comprise the active step of making a determi-
nation of the presence or absence of pathogen.

A colorimetric property (e.g. color) of a sample or a
control may be determined according to various colorimetric
methods known in the art.

In some cases, the color may be visually detected with the
naked eye. The color difference may be assessed between a
sample and a separate control, or the color change may be
observed as a change in the sample over time wherein the
original sample serves as its own control. In other cases, the
colorimetric property may be assessed spectrophotometri-
cally, for example, with a UV-Visible spectrophotometer or
a diffuse reflectance spectrometer. The color could also be
measured by capturing a photograph using a digital camera
and then performing image analysis.

The colorimetric property of a sample compared to a
control (or a sample relative to another sample, or a control
relative to another control) may, for example, be assessed by
comparing the UV-Visible absorbance of different solutions.
In some embodiments, absorption spectra may be obtained
by measuring absorbance across a range of relevant wave-
lengths, for example, from about 300 nm to 900 nm. The
measurements are taken at intervals, for example, a step size
of about 0.1-10 nm may be employed, e.g. 1 nm. The
colorimetric property may be assessed based on one or more
parameters of the absorbance spectra, including but not
limited to, peak absorbance wavelength (nm), peak height
and/or peak width. One exemplary parameter that may be
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assessed is the Full Width Half Maximum (FWHM) of the
absorbance spectra, which can easily be calculated.

The colorimetric property of the sample may be compared
to that of a negative control, a positive control, or both, in
order to make a determination. A negative control is one that
is substantially free of pathogen. A positive control is one
that contains a pathogen. As a skilled person will appreciate,
controls are typically provided in a solution that mimics (i.e.
substantially similar or the same) the sample solution.

A difference in the colorimetric property of the sample
compared to a negative control indicates the presence of
pathogen whereas a similarity in the colorimetric property of
the sample compared to a negative control indicates the
absence of pathogen. Conversely, a similarity in the colori-
metric property of the sample compared to a positive control
indicates the presence of pathogen. A sample may also be
compared against a standard curve prepared from positive
controls containing different amounts of a known pathogen
or to a library of controls (e.g. a training set) containing
known pathogens. The comparison is preferably in reference
to a positive or negative control that is run at the same time
the sample is tested but it may also be based on a historical
control. In some cases, the control may be the sample itself
at an earlier time point. For example, where a visual differ-
ence in a solution occurs when the solution becomes con-
tamination, the control may be the same solution prior to the
contamination, or it may be a reference solution that is not
contaminated. In this way, the method can be used to
visually detect the shelf-life of products. Positive and nega-
tive controls may sometimes be used simply to ensure that
the method is working properly.

The step of assessing the colorimetric property of a
sample compared to a control may include determining
whether there is a “significant” difference between the
sample and the control. An appropriate degree of signifi-
cance can be determined by a skilled person.

Although a colorimetric detection method is exemplified
herein, the method is not limited to colorimetric detection. In
some cases, the association of nanoparticles can be assessed
using infrared radiation, microwave radiation, terahertz
radiation, and radio waves. This is possible by spectroscopic
methods utilizing the respective electromagnetic spectrum,
for example Fourier transform infrared spectroscopy, Fou-
rier transform microwave spectroscopy, terahertz spectros-
copy or radio-frequency spectroscopy. It is expected that the
spectra in these regions will also show unique characteristics
for each pathogen of interest.

The information obtained from the comparisons per-
formed can be used to make a determination of the presence
or absence of pathogen in the sample. In some cases, the
determination can be made visually or manually. In some
cases, software may be employed.

A skilled person can determine suitable conditions for use
in the methods of the present disclosure, such that every
detail need not be described herein.

In carrying out the method, a sample is contacted with a
plurality of nanoparticles under conditions suitable to permit
association of the nanoparticles with the pathogen, if pres-
ent. Typically, the nanoparticles will be added to, or pro-
vided in, a suitable liquid, such that they are free to move
around and interact with the surface of any pathogens that
they encounter. As the nanoparticles associate with patho-
gens, the distance between adjacent nanoparticles may
decrease such that aggregation occurs on the surface of the
pathogen.

The liquid may contain a surfactant, such as CTAB. The
surfactant may assist in limiting, or inhibiting, non-specific
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aggregation of the nanoparticles in the liquid (e.g. aggrega-
tion that is not due to interaction with pathogen). In some
embodiments, the liquid contains between about 0.1 mM-
about 100 mM CTAB, 0.1 mM-about 10 mM CTAB, 0.5
mM-about 5 mM CTAB, 0.5 mM-about 2 mM CTAB, 0.1
mM-about 1 mM, or about 1 mM CTAB.

The liquid may comprise one or more agents that further
limit or inhibit non-specific aggregation of the nanoparticles
in the absence of pathogen. Such agents may include, for
example, a polysaccharide, polyethylene glycol or a deriva-
tive of polyethylene glycol, an alkanethiol, an amino acid or
a derivative of amino acid, a protein or a polynucleotide.

In some cases, the sample is mixed with a liquid contain-
ing the nanoparticles. In some cases, the nanoparticles are
added to a liquid (e.g. a sample) suspected of containing
pathogen. In some cases, the sample is a liquid product
containing nanoparticles, wherein the colorimetric property
of the liquid changes upon contamination with pathogen.

The nanoparticles should remain in contact with the
sample for a sufficient amount of time to allow the nano-
particles to associate with pathogen, if present, and poten-
tially aggregate on the surface of the pathogen depending on
their proximity to one another. In some cases, the association
may occur rapidly. In other cases, a longer contact period
may be needed. A suitable time period may be determined by
the skilled person. In some embodiments, the contact period
may be at least 5 seconds, at least 10 seconds, at least 30
seconds, at least 1 minute, at least 5 minutes, at least 10
minutes, at least 30 minutes, at least 1 hour, at least 5 hours,
at least 8 hours, at least 12 hours, or more. In some
embodiments, the contact period is a range of about 5
seconds to about 12 hours, about 10 seconds to about 1 hour,
about 10 seconds to about 10 minutes, about 1 minute to
about 1 hour, about 1 hour to about 8 hours, or about 1 hour
to about 12 hours. Association may be aided in some cases,
by stirring, mixing or the like.

A skilled person will be able to determine optimal reac-
tions conditions, including but not limited to concentration
of components, pH, temperature, and time.

The detection method may further comprise a step of
identifying and/or quantifying the pathogen. In some
embodiments, the method further comprises identification of
the pathogen. In some embodiments, the method further
comprises quantification of the pathogen. In some embodi-
ments, the method further comprises identification and
quantification of the pathogen.

The step of identifying the pathogen may be performed
according to any method known in the art. In one embodi-
ment, the step of identifying the pathogen comprises com-
paring the colorimetric property of a sample solution com-
prising the pathogen to one or more controls containing
known pathogen. In some cases, the sample may be com-
pared against a library of controls containing known patho-
gens.

It is demonstrated herein that gold nanoparticles associate
differently with the surfaces of different pathogens to pro-
vide unique colorimetric responses, likely due to the unique
surface characteristics of different pathogens. The use of a
mixture of two or more distinct populations of nanoparticles
(e.g. having a different shape and/or size from each other)
can further increase uniqueness of the colorimetric response,
such that “fingerprints” can be created to identify various
pathogens. In some embodiments, the method employs two
or more distinct populations of nanoparticles (e.g, 2, 3, 4, 5,
6, 7, 8, 9, 10 or more).

In some embodiments, the step of identifying the patho-
gen includes examining the pattern of nanoparticles associ-
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ated with the surface of the pathogen, for example, using
transmission electron microscopy (TEM). It is demonstrated
herein that unique patterns of association are created, again,
serving as a “fingerprint” to identify pathogens. For
example, even if two pathogens look quite similar in size
and shape under a microscope, the manner in which nano-
particles associate with the surfaces of the two pathogens is
unique and can be used to differentiate the pathogens.

In some cases, the method may be used to identify an
unknown pathogen in a sample. In some cases, the method
may be used to identify the type of pathogen in a sample
(e.g. bacteria, virus, protozpan, fungus, prion). In some
cases, the method may be used to differentiate between two
or more species, genus, subgenus or strains of a pathogen,
such as bacteria.

The step of quantifying the pathogen may be performed
according to any method known in the art. In some embodi-
ments, the step of quantifying comprises comparing the
colorimetric property of a sample against a standard curve
prepared using known amounts of pathogen, either by com-
paring visually by the naked eye, using a digital camera or
by using ultraviolet-visible absorption spectroscopy. In
some embodiments, the step of quantitying involves surface
enhanced Raman spectroscopy. In some embodiments, the
step of quantifying involves fluorescence spectroscopy.

The method can comprise additional steps, including but
not limited to, providing one or more control reactions, for
example, to determine whether one or more steps in the
method have been performed successfully, to determine
whether one or more components is functioning as expected,
or to determine if substances that interfere with the ability of
the method to generate reliable results are present in the
sample. Such control reactions are well-known to those of
skill in the art, and their design and implementation need not
be detailed herein. The method may also comprise one or
more steps, such as, adding an agent to limit or inhibit
non-specific aggregation of the nanoparticles in solution,
removal of undesirable components, dilution or concentra-
tion steps, or preparation of a standard curve.

A “sample” is typically a liquid, such as a solution
suspected of containing a pathogen. Any suitable solution
may be used as a sample in the method. The term “solution”
is used interchangeably with liquid, suspension or emulsion
herein. The phrase “suspected of containing a pathogen”
simply means that it is desirable to determine the presence
or absence of a pathogen. The sample may, for example, be
a final product, such as clean or sterile product, such as a
consumer product or a food product, wherein it is desirable
to know if the product has become contaminated with a
pathogen.

A sample may be a portion of a solution that is aliquoted
for testing in the method, or it may be an undiluted liquid
product, such as a consumer product on the shelf. The
sample may be provided in the form that it was obtained
(e.g. a consumer product, a food product, a medicine, blood,
urine, drinking water, or lake water). Alternatively, the
sample can be treated to remove one or more undesirable
components or to isolate or concentrate the pathogen, if
present. This can be performed by centrifugation such that
the pathogen precipitates and the interferents remain in the
supernatant. It could also be done by filtration with the
membrane pore size of <500 nm, such that the pathogens are
retained on the membrane and the undesired components
remain in the solution. For example, the nanoparticles could
then be added to the membrane retentate.

Where necessary, the amount or concentration of the
pathogen to be detected in the sample, can be adjusted to
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achieve satisfactory detection. Adjustment can be accom-
plished, for example, by dilution or concentration of the
sample. Dilution may be made with any compatible liquid.
Any suitable concentration technique may be employed,
including but not limited to, centrifugation, filtration, evapo-
ration, lyophilization, purification, or the like.

Additional components may also be added to the sample
prior to, or at the time of, testing the sample. Additional
component may include any components that do not render
the sample incompatible for use in the method. Examples
may include salts, polymers, surfactants, solvents, preser-
vatives, proteins and nucleic acids.

Other handling or manipulation of the sample can be
performed prior to or at the time the method is carried out.
Any handling or manipulation may be used as long as it does
not render the sample incompatible for use in the method.

A sample may start out as a liquid or it may be derived
from a solid or semi-solid starting material, for example, by
addition of a liquid to give it a liquid characteristic suitable
for use in the method.

In some embodiments, the sample is a “biological
sample”, such as blood or a portion of blood, urine, feces,
saliva, sputum, tear fluid, mucous, semen, or homogenized
tissue. In some embodiments, the sample is a biological
sample that has been treated to remove components that
would interfere with the method.

In some embodiments, the sample is a “non-biological
sample”, meaning that the sample that was not obtained
from a living organism. Such samples are particularly con-
templated in the methods disclosed herein.

In some embodiments, the sample is a sterile product. By
“sterile product” it is meant that the product is intended to
be sterile in use. It is often desirable to determine whether
a sterile product has become contaminated with pathogen.
Examples of sterile product may include, for example, a
consumer product (e.g. contact lens solution), a medicine
(e.g. eye or ear drops, injectables), a medical-grade product
(e.g. sterile saline solution, implants), a laboratory product
(e.g. sterile cell culture products), or sterile water. In some
embodiments, the sample is sterile consumer product, such
as a contact lens solution. In some embodiments, the sample
is a sterile medicine, such as an eye or ear drop.

In some embodiments, the sample is a non-sterile product.
By “non-sterile” it is meant that the product does not need
to be completely free of microorganisms in use. A certain
level or type of microorganism may be tolerated. However,
it may be desirable to determine whether the product con-
tains a pathogenic microorganism or whether a product
exceeds a tolerated threshold of microbial contamination.

In some embodiments, the sample is a non-sterile con-
sumer product.

In some embodiments, the sample is a sterile or non-
sterile food product. A food product may include, for
example, solid, semi-solid or liquid food products. In some
embodiments, the liquid food product is a beverage, such as
a packaged consumer beverage (e.g. bottle, can, tetra-pack,
bag).

In some embodiments, the sample is water. Water may
include, for example, drinking water, process water, distilled
water, river water, steam water, lake water, ocean water, and
the like. In some embodiments, the sample is drinking water,
such as tap water or bottled water. In some embodiments, the
water is sterile water.

A kit refers to a composition of matter containing one or
more components necessary to practice the method of
detecting a pathogen using unmodified metallic nanopar-
ticles, such as gold nanoparticles. In some embodiments, the
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kit comprises unmodified metallic nanoparticles or a mixture
of two or more populations of nanoparticles and optionally
a reagent to serve as control. The nanoparticles may be
provided in a solid or a liquid form. For example, they may
be provided in a container to which liquid is added. Or the
kit may comprise a liquid containing the nanoparticles in
solution. The nanoparticles may be in the form of a strip
made of material, such as paper, such that the strip could be
immersed in a suitable suspension liquid or directly in a
sample. The kit may also contain a container for mixing of
the nanoparticles with a sample and/or mixing of the nano-
particles with a control. The kit may contain a container,
such as a multi-well plate, for assessing multiple samples.
The kit may contain a buffer or other suitable solution. A kit
may contain one or more of a solution in which gold
nanoparticles and the sample are mixed, a negative control,
a positive control, one or more reaction containers, such as
tubes or wells, a colorimetric chart, a packaging material, an
instruction for use in detecting a pathogen.

The present disclosure provides a method of detecting
pathogens that is simple, rapid and economical. A skilled
person will recognize that there are many potential applica-
tions for such a method. Applications are not limited to the
examples below.

In one aspect, the method may be used to assess the
shelf-life of products. For example, a sample may be taken
from the product and tested in the method to determine
whether contamination with a pathogen has occurred. In
some cases, the product itself may contain nanoparticles
such that a colormetric change can be detected if the product
becomes contaminated. In some cases, this may be observed
as a visible color change in the solution. Numerous products
are contemplated, including various consumer goods, eye
care products, medicines, medical products, laboratory prod-
ucts, and foods, including beverages, among others. In some
cases, the product is a clean or sterile product.

In another aspect, the method may be used in a clinic or
hospital setting. The method may be used, for example, as a
rapid point-of-care method for detecting a pathogen, iden-
tifying a pathogen, quantifying a pathogen, or for discrimi-
nating between two or more pathogens. For example, the
method may be used to quickly distinguish between a
bacteria and a virus so that appropriate prescription medi-
cation can be prescribed at a clinic. A simple point-of-care
diagnostic relying on the method of the present disclosure
could reduce the number of antibiotics inappropriately pre-
scribed for viral infections. In order to be certain an infection
is bacterial, a doctor must currently send a sample off to a
lab for analysis and the results take days. The doctor will
often prescribe an antibiotic prescription just in case the
result is positive. Accordingly, the method disclosed herein
may include an additional step of prescribing a medication
upon detection and/or identification of a pathogen. For
example, the medication may be and antibiotic, such as
vancomycin hydrochoride, or ay cell wall-binding molecult.
The medication may be an antifungal, such as amphotericin
B or natamycin.

Once particularly contemplated application is eye care
products, such as contact lens solutions, contact lens cases,
or eye drops. In some cases, the method may be used to
diagnose an eye infection. Contact lens wear increases the
risk of microbial keratitis, which can lead to blindness. In
order to treat the ocular infection effectively, it is important
to identify the strain responsible. Current methods require
several days for the determining the identity of bacteria,
which can lead to incorrectly prescribed antibiotics and
prolong treatment. The method may also be used to detect
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changes in pH or salt concentration in eye care products,
which could lead to eye irritation.

It is also contemplated that the method could be employed
in a laboratory setting, such as a research lab or a hospital
lab. The method could be used to detect contamination in
various laboratory products or could be employed in the
course of research to detect, identify and/or quantify patho-
gens.

It is also contemplated that the method could be employed
in environmental applications, such as detection of patho-
gens in a water source, such as drinking water, lake water,
river water, stream water, ocean water, treatment water or
process water. The method could also be used recreationally,
for example, to quickly test whether a source of drinking or
cooking water is contaminated while camping or hiking.

The method could be used in a portable strip type detector
such that the strip is immersed in an environmental sample
in the field. The method could be used at the point-of-care
where the sample is a contaminated product such as contact
lens, contact lens case, implant, ornaments, clothes. The
method could be used by consumers in their home if they
wish to find out if a certain area of the house is contaminated
by pouring the solution in that area. It could be used in
hospitals on keyboards since that is a source of transmitting
diseases. The method can be used in research labs to
discover new strains of bacteria if their response is not
comparable to any of the controls. The method could be used
to understand the interactions between cells and nanopar-
ticles and hence design new biosensors. The method can be
used to understand the composition of cells. It is also
contemplated that the method could be used to distinguish
between pathogenic and non-pathogenic contaminants.

The term “about”, when used in connection with numeri-
cal values, is intended to include a range about the stated
value of 5% at either end of the recited number. Thus, e.g.,
about 100 nm includes a range of 95 nm to 105 nm.

In some embodiments disclosed herein, the steps in a
method are referred to using letters for convenience. The
letters do not necessarily imply that the steps must be
performed in the specified order. In some cases, two steps
may occur simultaneously, such as association of nanopar-
ticles on the surface of pathogen and their aggregation with
one another. A skilled person will be able to determine the
appropriate sequence of the steps.

EXAMPLES

Example 1: Synthesis and Characterization of Gold
Nanoparticles

Materials and Methods

Synthesis of Gold Nanoseed.

Gold (IIT) chloride hydrate, silver nitrate, cetyl trimeth-
ylammonium bromide (CTAB), sodium borohydride and
L-ascorbic acid were purchased from Sigma-Aldrich.
Sodium citrate dihydrate was purchased from Fisher Scien-
tific. A gold and citrate solution was prepared by adding 1.88
mg gold (III) chloride hydrate salt and 0.58 mg sodium
citrate dehydrate to 20 mL of Millipore water. A solution of
sodium borohydride was prepared by adding 3.78 mg
sodium borohydride to 1 mL of cold Millipore water. This
solution was kept cold by keeping the container in an ice
bath. Once the sodium borohydride dissolved, 60 pL of the
solution was added to 20 mL of the gold solution under
stirring. The color of solution quickly turned brownish pink.
After one minute of stirring, the stir bar was extracted and
the solution was left undisturbed at room temperature over-
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night in the dark. The solution of gold turned red indicating
the formation of gold nanoseeds. This solution was filtered
using a 200 nm filter and stored in the refrigerator until
further use.

Synthesis of Gold Nanostars.

A solution of CTAB was prepared by the addition of 50
mg CTAB to 46.8 mL of Millipore water and then placing
the solution in a water bath at 60° C. A solution of gold salt
was prepared by adding 11.3 mg gold (III) chloride hydrate
to 3 mL Millipore water. A solution of silver nitrate was
prepared by the addition of 1.69 mg silver nitrate salt to 1
ml, Millipore water. A solution of L-ascorbic acid was
prepared by addition of 17.6 mg L-ascorbic acid to 1 mL
Millipore water. All salts were dissolved by vortexing. Next,
2 mL of gold salt solution was added to the CTAB solution
under magnetic stirring which gave the solution a brownish-
orange color. This was followed by addition of 0.3 mL of
silver nitrate solution. Next, 0.32 mL of Ascorbic acid
solution was added in a dropwise manner and the solution
turned colorless. Finally, 0.5 mL of gold nanoseeds from
example 1 were added to the solution, which changed the
color to blue within two minutes indicating the formation of
gold nanostars. The stir bar was removed and gold nanostars
were stored in the dark at room temperature until further use.

Synthesis of Gold Nanostars with Different Shapes and
Sizes.

The shape and size of gold nanostars was changed by
changing the CTAB and seed amounts. The reaction was
scaled down from 50 mL to 16 mL final volume. The
following mass of CTAB were added to 50 mL of Millipore
water: 25 mg, 75 mg, 100 mg, 125 mg in addition to the 50
mg that was used above. The addition of 0.5 mL of gold
nanoseed in 50 mL is equivalent to 160 pl in 16 mL. For
each CTAB concentration, the seed volume was changed to
32 uL, 80 uL, 160 pl, 240 pl., 320 pl. and 400 pl. while
keeping the volume of the varying CTAB concentration
solution consistent. This provided a total of 30 different
compositions of gold nanostars.

TEM samples were prepared by placing 5 ul. of each gold
nanostar on a 300 mesh Formvar coated copper grid
(Canemco & Merivac) and letting the sample dry overnight.
The nanostars were then imaged using a Philips CM10
Transmission Electron Microscope. These images are pre-
sented in FIG. 2.

The nanostars were also characterized using UV-Visible
spectroscopy using a Biotek Epoch Multi-volume Spectro-
photometer System. A spectral scan from 300 nm to 900 nm
was conducted with a step size of 1 nm in duplicates. The
absorbance peak was determined and average was measured
over three different replicates. These results are presented in
FIG. 4.

Results and Discussion

Gold nanostars were synthesized at room temperature via
a seed-mediated growth mechanism using cetyltrimethylam-
monium bromide (CTAB) surfactant as a template (Lu et al.,
2010). The mechanism of anisotropic growth in gold nano-
particles is currently being investigated and often the growth
of gold nanostars is compared to that of gold nanorods,
because both morphologies use CTAB surfactant as a nega-
tive template and silver ions for creating active sites (Sau
and Rogach, 2010; Wu et al., 2009; Grzelczak et al., 2008;
Nehl et al., 2006; Chen et al., 2005). In the case of nanostars,
the twin defects on the surface of the seed are postulated to
weaken the binding of the positively charged CTAB surfac-
tant, which allows the growth of branches at these sites
(Nehl et al., 2006). Also, silver can be deposited on the
surface of the seed by underpotential and produce additional
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defects, which in turn act as active sites for growth of
branches. (Sau and Rogach, 2010; Min-Chen et al., 2009;
Nehl et al., 2006) We hypothesize that the surface morphol-
ogy and particle size of gold nanostars can be controlled by
changing the amount of gold seed precursor (32, 80, 160,
240, 320 or 400 pL) and CTAB (25, 50, 75, 100, 125 mg)
added to the formulation. To test this hypothesis, we syn-
thesized 30 types of gold nanostars by using all possible
combinations of these two parameters, while keeping the
amount of silver nitrate, L-ascorbic acid and gold salt in
solution constant. These nanostars (FIG. 1) were character-
ized using transmission electron microscopy (TEM) to
determine their size and surface morphology and using
UV-Vis spectroscopy to determine their absorption spectra.
We then demonstrated that the gold nanostars change color
drastically in the presence of S. aureus as compared to a
saline (2.55% with ~0.006% broth) control.

The TEM images of the 30 samples of gold nanostars
show that the total size of nanostars is mostly controlled by
the amount of gold nanoseed added, while the degree of
branching and branch length are controlled by the CTAB
amounts (FIG. 2). Increasing the amount of seed decreases
the total size because more growth sites are present and the
total amount of gold available for growth in solution is kept
constant. Increasing the amount of CTAB increases the
branch length and the average number of branches because
the number of CTAB micelles per seed increases. We
quantified the size and degree of branching for each of the
30 samples by measuring the total diameter, branch length
and branch width, as defined in FIG. 1 using National
Institutes of Health software ImagelJ. The total diameter and
branch length (FIG. 25, d) showed dependence on seed and
CTAB concentration, as diametric and branch growth occurs
simultaneously when gold is available in solution. This also
leads to the relatively uniform growth of branch width under
the same conditions as growth of the stars (FIG. 2¢). The
total diameter ranged from 31 nm to 113 nm for 400 ul. and
32 uL seed sets respectively, while the length of branches
ranged from 3 nm to 17 nm for 25 mg CTAB and 125 mg
CTAB sets respectively (FIG. 25, d). The changes in sur-
factant and seed not only affect the dimensions of the
branches but also the average number of branches, which
ranges from one to six (FIG. 2¢). We believe this is because
the higher concentration of CTAB per seed allows better
adsorption of CTAB, which in turn promotes anisotropic
growth at multiple sites. Additionally, the distribution of
stars with increasing number of branches also varies with the
amount of seed and CTAB. Low seed volumes and high
concentration of CTAB are necessary for a higher fraction of
highly branched nanostars (FIG. 3). Although there are some
rare outliers in the TEM images of single nanostars due to
the nature of selecting individual nanoparticles to image, the
trends of size and branching are clearly visible in the images
as well as the plots that follow in FIG. 2.

The color of gold nanoparticles is determined by the size
of the particles because of their surface plasmon resonance.
A change in the surface plasmon resonance of the particles
can be characterized by the absorption peak of UV-Vis
spectroscopy (Xia et al., 2010; Min-Chen et al., 2009; Wu et
al., 2009; Nehl et al., 2006). As seen in FIG. 4a), varying
size and the degree of branching yields nanostars with
different solution colors. The lowest CTAB, highest seed
sample yields a red color. This sample lacks significant
branching and thus is found to have a more spherical
morphology, as we previously described. Spherical gold
nanoparticles have been extensively studied in the past, and
as we observed, give the solution a distinct red color (Link
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and EI-Sayed, 2000). Decreasing seed and increasing CTAB
causes the gold nanostar solutions to be violet and then blue,
resulting from a shift in plasmon resonances caused by
increased degree of branching and general star-like mor-
phology (Lu et al., 2010; Hao et al., 2007). The dependence
of absorption peak and width on the degree of branching has
rarely been explored (Yuan et al., 2012). We repeated the
synthesis of the 30 stars three times and measured the
absorption spectra from 300 nm to 900 nm with a step size
of 1 nm. As an example, we plotted the complete spectra of
the four extreme synthesis data samples (FIG. 4b). We also
extracted the peaks and full width half maximum values
(FWHM) from the spectra of all the nanostars (FIG. 4¢,d).
Increasing size of the nanostars by decreasing seed leads to
a red shift in the absorption peak and also broadens the
width. Additionally, there is a significant jump in the peak
and FWHM when increasing the CTAB from 25 to 50 mg
even though the size of the particles only varies slightly. This
jump suggests that a minimum concentration of CTAB is
necessary for changing the morphology of nanoparticles
from spheres to stars and causing a shift in absorbance peak
of about 60 nm (Lu et al., 2010). Interestingly, a character-
istic drop in the peak position and FWHM occurs at the
highest CTAB concentration for all seed volumes when the
number and length of branches is the highest. This drop is in
agreement with previously modeled data, where a slight blue
shift in absorbance peak is observed when the number of
branches was increased from four to ten (Yuan et al., 2012).
The drop in the FWHM at highest CTAB concentration also
suggests that the size distribution of nanostars is narrower
(Yuan et al., 2012). This is most likely because a higher
concentration of CTAB allows for more homogenous
adsorption of CTAB on the seeds, thereby synthesizing more
monodisperse gold nanostars.

Example 2: Detection of Staphylococcus aureus
Using Gold Nanostars

Materials and Methods

Staphylococcus aureus (ATCC 6538) was purchased from
Cedarlane Labs (Oakville, Canada). Trypticase Soy Agar
(TSA) plates, trypticase soy borth and Puritan® Calgiswab®
were purchased from VWR International. Sodium chloride
was purchased from Fisher Scientific. A 2.55% sodium
chloride salt solution was prepared and sterilized by filtra-
tion. Then, 15 L of trypticase soy broth was added to 250
ml of sterile saline to enhance the lifespan of bacteria.

S. aureus was cultured on a TSA plate by swabbing from
stock plate in a sterile environment. The plate was then
incubated at room temperature for two nights to allow for
growth. A cloudy layer of bacteria was formed which
indicated growth of live bacteria. 5 mL of saline was added
to this plate and a swab was used to extract the bacteria from
the plate to the solution. This solution was transferred to a
15 mL centrifuge tube and centrifuged at 4000 rpm for 10
minutes. The supernatant was discarded and the bacteria
were resuspended in 5 mL saline solution. This gives the
stock solution of S. aureus (4.5x10® CFU/mL) and a diluted
solution is obtained by adding 100 pL. of stock solution to
9.9 mL of saline. Other serial dilutions were prepared and
cultured for counting the colony forming units (CFU).

To perform the detection assay, 200 puL of gold nanostars
with different colors, sizes and shapes were added to a
96-well microplate. Each of the gold nanostars solution was
topped up with 100 pL of either saline, 4.5x10° CFU/mL S.
aureus. A picture of the gold nanostars was taken after
waiting for at least five minutes. These images are presented
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in FIG. 5. The images have been analyzed to determine their
RGB values and change in RGB values compared to initial
state. These results are plotted in FIG. 6.

The dependence of gold nanostar response on CTAB
concentration was determined by centrifuging the gold
nanostars at 10,000 rpm for 15 minutes and then resuspend-
ing in various concentrations of CTAB. The response was
then compared and is demonstrated in FIG. 7.

Results and Discussion

We tested the ability of each of the gold nanostars to
detect the gram-positive bacteria S. aureus by adding them
to gold nanostars in 96-well microplates. S. aureus was
suspended in 2.55% saline solution (with ~0.006% broth)
and thus this saline was used as a negative control. FIG. 5a)
shows that the stars synthesized with the lowest seed
amounts turn clear in saline (with ~0.006% broth) solution.
This color change can be explained by the colloidal insta-
bility of larger gold nanostars. In contrast, smaller nanostars
synthesized with higher seed values are more stable and only
change color in the presence of S. aureus. While qualitative
color change is intense and can be easily observed using the
naked eye, quantification of the color was achieved by
measuring the red, green and blue (RGB) components of
each sample. We collected several images over two hours at
an interval of about 25 seconds while leaving the samples
undisturbed and then normalized each image with S. aureus
by subtracting the initial image of gold nanostars. We
measured the RGB values from each well and determined
the maximum change in each component. The red compo-
nent of RGB model showed the maximum change in inten-
sity. Thus, the red component was plotted against the CTAB
and gold seed amounts (FIG. 56). This observation corre-
lates closely with the light absorption peak and FWHM
measured previously (FIG. 4¢, d). The green and blue
components also change in a similar manner but the mag-
nitude of change is smaller (FIG. 6). FIG. 56) suggests that
more branched and larger nanostars show a greater color
change in the presence of S. aureus. Interestingly, the
general trend shown in FIG. 56) matched the trend through-
out our findings in both absorbance peak and FWHM,
suggesting a consistent theme that the size and degree of
branching of nanostars significantly impact optical proper-
ties and govern detection performance in a similar manner.
We also studied the evolution of color change over time for
each of the nanostars. Initial onset of color change was
immediate and visually discernible in less than 5 minutes for
most samples. This is seen in FIG. 5¢) as the contour plot
shows a change of up to 60 units of intensity within 300
seconds in the red component for the most sensitive gold
nanostars. We observed that the color changes saturated after
about 40 minutes. The plot confirms that the highest seed
volume nanostars with smallest sizes and least branching
show negligible color change due to high colloidal stability,
while the most rapid color change occurs in nanostars
synthesized using lowest seed volumes with biggest sizes
and highest branching. This is in part because branching
increases effective surface area and spatial extent, allowing
gold nanostars to aggregate around the bacteria and there-
fore produce a more substantial change in color. The ideal
formulation of nanostars will be stable in saline and change
drastically in the presence of S. aureus. We quantified this
criterion by subtracting the two images in FIG. 5a4) and
determining the RGB values of the subtracted image. Since
the red component demonstrates maximum change, the well
with the highest difference in red provides the best formu-
lation for application in pathogen detection. We observed
that the nanostar solution synthesized using 125 mg CTAB
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and 240 pl. gold nanoseed precursor was the optimal for-
mulation. These nanostars have a small enough size to be
stable in high salt concentrations and yet are branched
enough to aggregate around S. aureus and cause a drastic
color change. This optimal formulation of gold nanostars
was used to test the effect of excess CTAB concentration on
the detection of S. aureus. The results, seen in FIG. 7,
demonstrate that there was negligible change between dif-
ferent concentrations of excess CTAB used. If the solution
was devoid of CTAB (as in the Millipore water resuspen-
sion) after synthesis, gold nanostars would aggregate and
change color in saline control as well. Thus, a small amount
of CTAB is indeed necessary in solution after synthesis to
prevent aggregation of the gold nanostars in saline (with
~0.006% broth).

Example 3: Comparison of Bacterial Response to
Other Particles

In order to demonstrate selectivity, a solution of S. aureus
was prepared in saline (with ~0.006% broth) to obtain
normalized absorbance of 0.1 at 660 nm and this results in
a concentration of approximately 8x10% CFU/well as deter-
mined by plate counts method. Since bacteria and particles
cannot be exactly at the same concentration, they were
compared by preparing the solutions at the same normalized
absorbance of 0.1 at 660 nm. Polystyrene particles were
diluted in saline (with ~0.006% broth). Liposomes were
prepared according to manufacturer’s recommendation.
DMPC was dissolved in chloroform at a concentration of 10
mg/ml, while DMPG and DMPE were dissolved in a
mixture of chloroform:methanol:water (65:35:8 v/v/v) at a
concentration of 10 mg/ml.. The phospholipid solutions
were first dried under nitrogen and then in vacuo overnight.
Saline (with ~0.006% broth) was added to the vials con-
taining DMPC and DMPG at 30° C., and DMPE at 60° C.
The phospholipids were allowed to rehydrate for several
hours at the respective elevated temperatures. Size reduction
was performed by sonicating each of the samples using a
Branson probe sonicator for 10 minutes at 25% amplitude
and 1 second on, 0.5 second off pulses. Each of the solutions
were diluted in saline (with ~0.006% broth) to obtain the
appropriate absorption. 100 ulL of the particle solutions were
then added to the 200 ulL of optimal gold nanostar solution
in a 96-well microplate. The solutions were incubated over-
night and UV-Vis absorption spectra were obtained. These
spectra are presented in FIG. 8.

Results and Discussion

In order to better understand the cause of aggregation of
CTAB-coated gold nanostars around S. aureus, we tested the
interaction of gold nanostars with a variety of charged
particles. Polystyrene microparticles functionalized with
carboxylic acid were used to provide a negative surface
charge, which has the potential to aggregate the positively
charged CTAB-coated gold nanostars. Three different sizes
of polystyrene microparticles were used to explore the effect
of'size on the aggregation of gold nanostars, where the 1 um
microparticles are most similar in size to S. aureus. We also
used three different kinds of liposomes to explore the
interaction between gold nanostars and charged phospholip-
ids which could be responsible for the attraction between
bacteria and gold nanostars. DMPC and DMPE terminate in
a choline and ethanolamine group respectively and thus are
zwitterionic. DMPG terminates in a glycerol group and
hence the phosphate causes the liposomes to be overall
negatively charged. FIG. 8 a) shows the UV-Vis spectra of
the optimal formulation of gold nanostars (125 mg CTAB,
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240 uL gold seed) in the presence of water, saline, S. aureus,
polystyrene microparticles and phospholipids. The spectra
in FIG. 8a) demonstrate minimal change in saline, polysty-
rene microparticles and DMPC and DMPE liposomes, while
highlighting a drastic broadening and flattening of the peak
in S. aureus and DMPG liposome solutions which confirms
the shift in plasmon resonance of the gold nanostars. These
spectra are consistent with the observed color change in the
microplates from solid blue to a translucent grey in the
presence of S. aureus. We confirmed that the color change of
gold nanostars was due to near complete aggregation around
the S. aureus (FIG. 13a) by imaging the samples using TEM.
This aggregation is caused by electrostatic interactions
between the CTAB-coated gold nanoparticle surface that is
positively charged (zeta potential of +38.0 mV) and the cell
wall of S. aureus that is negatively charged (zeta potential of
-24.2 mV). Our results are in agreement with the work of
Berry et al. (Berry et al., 2005) where they explained that the
mechanism of aggregation of CTAB-coated gold nanorods
around gram-positive Bacillus cereus is the strong electro-
static interactions between positively charged CTAB mol-
ecules and negatively charged teichoic acids on the surface
of bacteria. Teichoic acid is expressed on the surface of
gram-positive bacteria and it includes several phosphate
groups, which provide a polyanionic surface with a high
density of negative surface charge. As demonstrated by FIG.
8, a polyanionic surface is necessary for the aggregation of
CTAB-coated gold nanostars since only negatively charged
DMPG liposomes led to substantial aggregation. On the
other hand, polystyrene particles with monoanionc carbox-
ylic acid and zwitterionic liposomes had insufficient nega-
tive charge to cause a significant color change. Since only
DMPG liposomes cause a color change comparable to
bacteria, the aggregation of gold nanostars requires interac-
tion with several negatively charged groups. Thus, the
aggregation and color change of CTAB-coated gold nanso-
tars is selective to bacteria and polyanionic particles in
comparison to other particles with only monoanionic or
zwitterionic charges. This work avoids the use of antibodies
and aptamers and only exploits electrostatic interactions for
colorimetric detection. Thus, there are some limits to speci-
ficity but since the distribution of charges is expected to be
different in different strains of bacteria, these interactions
can potentially be exploited developing a “chemical nose.”

Example 4: Identification of Bacterial Strains Using
Gold Nanoparticles

Materials and Methods

S. aureus, Achromobacterxylosoxidans (ATCC 27061),
Delftia acidovorans (ATCC 15668) and Stenotrophomonas
maltophilia (ATCC 13637) were purchased from Cedarlane
Labs (Oakville, Canada) and inoculated on TSA plates and
incubated at 37° C. for 24 hours. Bacterial cells were
harvested using alginate swabs and suspended in 5 mL of
sterile saline (2.55%) with nutrient broth (0.006%) in a 15
ml centrifuge tube. Each bacterial strain was then washed
seven times with 2.55% saline (with -0.006% nutrient
broth) by centrifugation at 4,000 rpm for 10 min. The
bacteria were then diluted to obtain an optical density at 660
nm (ODyy,) of 0.1 (~10° CFU/mL (Dantam et al, 2011).
When normalized against blank saline absorbance (0.033),
this value becomes 0.067. When added to gold nanostars, the
solution is diluted 1:3 to obtain final OD,,=0.02 for bac-
teria.

The assay for identification of bacterial strains was per-
formed in 96-well microplates. The plates were prepared by
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adding 200 pL of blue, red or purple gold nanostars to the
microplate wells. The training set was obtained by adding
100 pL of each bacteria (4 species) to the gold nanostars at
final OD4,=0.02. Saline (with ~0.006% broth) was used as
a control group. Each training group had 7-8 replicates. In
order to obtain unknown samples, 14-18 samples from each
group were selected and added randomly to a sterile storage
microplate, resulting in a total of 79 samples. Each of these
samples was then added to blue, red and purple gold
nanostar solutions and incubated at room temperature over-
night along with the training set.

After incubation, the microplates were illuminated by an
X-ray film viewer and imaged using a Canon EOS Rebel T3
digital camera. For spectrophotometric identification, the
UV-Visible absorption spectra were obtained for each well
in the microplates using a BioTek Epoch microplate spec-
trophotometer while scanning from 300 nm to 900 nm with
a step size of 1 nm, which have been presented in FIG. 11.
The normalized absorbance values (presented in FIG. 12a)
were obtained for all samples by using the following equa-
tion:

Normalized absorbance=(Average saline control
absorbance at A—Average saline control absor-

bance at 600 nm)—(Sample absorbance at
A—Sample absorbance at 600 nm)

where A is the wavelength of particular importance: 583 nm
peak for blue nanostars, 541 nm peak for red nanostars and
544 nm peak and 583 nm for purple nanostars. The absor-
bance at 800 nm was used as the baseline. The data was then
subjected to a classical linear discriminant analysis (LDA)
using MySTAT (version 12.02) and the canonical scores plot
has been presented in FIG. 125). Classification of unknown
samples was performed by determining the shortest
Mahalanobis distance to the groups generated using the
training matrix. For the experiment of the identification of
unknown bacteria samples, the experiment preparation and
data collection were performed by two different researchers
resulting in a blinded process.

Results and Discussion

In order to develop a “chemical nose,” we need various
gold nanoparticles that can interact with bacteria to provide
a specific response. We hypothesize that if gold nanostars
with different sizes and degrees of branching are incubated
with a particular strain of bacteria, each nanostar will
provide a unique colorimetric response. To test this hypoth-
esis, we chose the commonly occurring Gram-positive S.
aureus and Gram-negative ocular pathogens A. xylosoxi-
dans, D. acidovorans and S. maltophilia as the pathogens of
interest (Kilvington et al., 2013) and added them to gold
nanostars to obtain a drastic colorimetric response. Two
types of nanostars were synthesized such that there would be
distinct differences in color (blue and red), size and degree
of branching. Thus, each nanostar solution should interact
differently between strains of bacteria depending on a
strain’s surface charge, surface area and morphology to
provide a “chemical nose” sensor. The blue nanostars have
a greater size and higher degree of branching as compared
to the red nanostars, which are smaller and more spherical
in shape (FIG. 9). These two nanostar solutions were also
mixed 1:1 by volume to obtain a third solution of purple
nanostars in order to investigate the co-operative response
from the two nanoparticles. The three nanostar solutions
were added to adjacent microplate wells and mixed with
saline (as control) and different species of bacteria at the
same optical density. A sample image is presented in FIG.
10, where the bacterial species are visually discernible.
Amongst these species, S. aureus and S. maltophilia present
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the most striking differences as compared to saline. In the
case of S. aureus, the gold nanostar solutions have a tinge of
their respective original color whereas for S. maltophilia, the
samples lose their original color and turn almost clear. This
suggests a more complete aggregation of gold nanostars in
the presence of S. maltophilia as compared to other species
of bacteria. D. acidovorans and A. xylosoxidans produce a
lower degree of color change. In the case of D. acidovorans,
a color change of the red nanostars is seen to slightly purple,
which is unique in comparison to other species. Thus, the red
nanostars show a more drastic color change as compared to
blue nanostars which allows for visual distinction between
A. xylosoxidans and D. acidovorans. The purple nanostar
solution behaves similar to blue stars in the case of S. aureus
but it appears to be a superposition of blue and red nanostar
responses in the presence of all other strains of bacteria.

The absorption spectra of each gold nanostar solution in
the presence of bacteria are presented in FIG. 11. The
observations from the spectra are consistent with the visual
observations where S. maltophilia shows the most drastic
change in spectra. In the case of blue nanostars, the peak
with S. maltophilia is almost flattened whereas for red
nanostars, there is partial flattening. The purple nanostar
responses appear to be a linear combination of blue and red
nanostars. In the case of D. acidovorans, while the absor-
bance peak does not drop significantly for red and purple
nanostars, a red shift and drop is observed for blue nanostars
(FIG. 11a). In all other bacterial species, the location of
absorbance peak remains consistent but the absorbance
values are reduced. Each gold nanostar solution has a unique
absorption peak, which resembles the localized surface
plasmon resonance wavelength. As shown in FIG. 11, blue
and red nanostars have peaks at 583 nm and 541 nm
respectively. Purple nanostars have a peak at 544 nm (close
to that of red nanostars); however, the absorbance at 583 nm
is also of interest to determine the response characteristics
from the blue nanostars constituents. The absorbance at 541
nm of red nanostars constituents were not found to be
important since it was close to the natural peak of 544 nm
of purple nanostars. The absorbance values from these peaks
were obtained and normalized against saline with broth as
well as baseline absorbance at 800 nm. These normalized
values are presented in FIG. 12a) and demonstrate that each
species of bacteria interacts in a unique manner with blue,
red and purple nanostar solutions. We further analyzed these
normalized values to create a training set for the identifica-
tion of species of bacteria.

Using LDA, we observed that identification of each
population of bacteria was possible by using the two nor-
malized absorbance values from purple nanostars (544 nm
and 583 nm). This is demonstrated in FIG. 125), where each
species of bacteria as well as saline control is statistically
discernable using 95% confidence intervals. This training set
was then used to identify unknown samples using MySTAT
(p>0.95), and it was demonstrated that 99% (78/79 samples)
of the samples could be identified accurately with their
respective group. These are noteworthy results since only
two inputs are being used to identify five different popula-
tions of samples. It has been demonstrated that the unique
surface charge on different strains of bacteria can be utilized
for identification when electrostatic interactions are used
(Phillips et al., 2008). Previous work required the modifi-
cation of gold nanoparticles with a variety of molecules to
provide unique surface charges and hydrophobicity for
enhancing the interaction with bacteria. Additionally, these
gold nanoparticles are generally coupled with fluorescent
polymers, which provide the response and hence require
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fluorescence spectrometry. In the present study, identifying
bacterial strains was possible visually as well spectropho-
tometrically. We exploit the inherent properties of gold
nanostars rather than modifying them with specific surface
ligands. The CTAB surfactant of gold nanostars is present on
as-synthesized nanoparticles and serves as the source of
positive surface charge. We have shown previously that the
CTAB-coated nanostars require a polyanionic surface for
aggregation and color change change (Verma et al., 2014).
Such a polyanionic surface is generally provided in Gram-
positive bacteria by teichoic acids (Berry and Saraf, 2005;
Berry et al., 2005) and in Gram-negative bacteria by lipopo-
lysaccharides and phospholipids (Sun et al., 2012; Hong and
Brown, 2006). The intrinsically different distribution of
charges on the surface of bacteria is responsible for causing
the unique electrostatic interactions with gold nanostars. It is
expected that gold nanostars with significant protruding
branches will interact more strongly with the surface of
bacteria due to higher effective surface area and spatial
extent as compared to more spherical nanostars (Verma et
al., 2014). These inherent differences in branching and size
provide different colorimetric outputs since their localized
surface plasmon resonance is sensitive to the degree of
aggregation (Xia et al., 2010).

Example 5: Transmission Electron Microscopy of
Bacteria and Gold Nanostars

Materials and Methods

Blue gold nanostars were chosen as a representative
sample for imaging using transmission electron microscopy
(TEM). Samples were prepared by adding 5 ul. of the
overnight incubated bacteria and gold nanostars solution to
copper TEM grids and allowed to dry under ambient con-
ditions overnight. Once dry, the sample was washed by
placing 5 pl. of Millipore water on the TEM grid for 30
seconds and then wicking the liquid using filter paper to
remove excess surfactants, salts and unbound gold nanos-
tars. The samples were then imaged using Phillips CM10
TEM. The total number of gold nanostars aggregated around
the surface of each bacterium was manually counted using
the National Institutes of Health Image] software (n=8).
These numbers have been presented in FIG. 124) and the
TEM images have been shown in FIG. 13.

Results and Discussion

We used TEM to confirm that the gold nanostars are
aggregating around the bacteria of interest (FIG. 13). It is
observed that gold nanostars aggregate around bacteria with
different shapes (spherical or rod-like) as well as types
(Gram-positive or Gram-negative). The TEM samples were
rinsed with Millipore water once before drying to remove
excess gold nanostars and assist in visualization. Since gold
nanostars remained on the bacteria even after rinsing, the
images suggest a strong electrostatic interaction, which
governs the degree of aggregation and hence the colorimet-
ric response provided by the gold nanostars. This is shown
in FIG. 12a) since a close correlation is observed between
the number of gold nanostars aggregating per bacterium and
the normalized absorbance observed for the blue nanostars.
In contrast to the results reported in FIG. 12a), at the
relevant pH (~7) and electrolytic condition (0.85% NaCl,
1:1) one might expect that S. aureus would have a greater
number of gold nanostars aggregated—thus greater normal-
ized absorbance—when compared to S. maltophilia due to
surface charge since the former is Gram-positive and the
latter is Gram-negative (Hong and Brown, 2008). Moreover,
there appears to be a higher density of gold nanostars



US 10,502,732 B2

27

aggregated around S. aureus than S. maltophilia in FIGS.
13a) and 13d), respectively. However, total gold nanostar
aggregation response depends on surface area in addition to
surface charge as previously mentioned. Thus, as seen in the
TEM images the greater size and rod shape of S. maltophilia
leads to a much greater surface area. In spite of S. aureus
being Gram-positive, the combination of greater surface
area and relatively high number of polyanionic surface
charges of S. maltophilia yield to a greater number of total
gold nanostar aggregated per bacterium and thus a greater
normalized response, as was reported.

In addition to the number of gold nanostars per bacterium,
the pattern of aggregation also seems to be unique. For
example, in FIG. 13c¢), the gold nanostars around D. acido-
vorans are distributed throughout the cell and form a sparse
coating. On the other hand, in FIG. 134), there appear to be
patches of aggregated gold nanostars in localized areas on
the surface of S. maltophilia, while some areas are com-
pletely devoid of gold nanostars. In a previous study, the
aggregation of 6 nm cationic gold nanoparticles has shown
a unique aggregation pattern around the gram-positive bac-
teria Bacillus subtilis as compared to the gram-negative
Escherichia coli (Hayden et al., 2012). It was demonstrated
that the patterns disappeared in the once the bacteria were
exposed to proteolytic cleavage suggesting the importance
of surface proteins in the aggregation of gold nanoparticles
(Scott and Barnett, 2006). We demonstrate that aggregation
patterns are not limited to gram-positive bacteria as they also
appeared on gram-negative S. maltophilia (F1G. 13d). Gold
nanostars can be thus used as probes for exploring the
surface morphology, protein and lipid distribution, and local
charge densities of bacteria in future studies.

Additionally, aggregation of gold nanoparticles around
bacteria has been observed when they were modified with
specific antibodies against the bacteria (Khan et al., 2011;
Ho et al., 2004) but these studies typically detect a single
bacterial species. In past work, biomodification becomes
necessary when the detection of multiple species or strains
of bacteria is involved (Wang et al, 2008); however, in the
current work we have demonstrated the ability to distinguish
between species without adding specific ligands to the
surface of gold nanostars, while relying on the intrinsic
response of gold nanostars to bacteria instead.

Example 6: Quantification of Various Species of
Bacteria

Materials and Methods

Additional species of bacteria: Escherichia coli (ATCC
10798), Streptococcus pneumoniae (ATCC 6305), Entero-
coccus faecalis (ATCC 29212) and Pseudomonas aerugi-
nosa (ATCC 9027) were purchased from Cedarlane Labs
(Oakville, Canada). E. coli and P. aeruginosa were cultured
in TSA plates at 37° C. overnight while E. faecalis and S.
preumoniae were cultured on Blood agar plates at 37° C. S.
pnreumonia was incubated in a CO, incubator with 5% CO.,.
These bacteria were then extracted and washed as explained
in Example 6. The bacteria were then normalized to
ODy4,=1.0 (1x10° CFU/mL) and serially diluted by a factor
of 2 to obtain 16x-512x dilution. Each of these dilutions of
bacteria was added to purple gold nanostars and the absor-
bance was measured after overnight incubation. The peak
absorbance was normalized and plotted against the approxi-
mate concentration in FIG. 14. One concentration (128x
dilution) was selected for performing hierarchical clustering
analysis and the resulting dendrogram is presented in FIG.
15.
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Results and Discussion

We wanted to examine whether the response from gold
nanostars could be used for quantification and identification
of a larger library of pathogens. We added the following
organisms to our tests: FEscherichia coli, Pseudomonas
aeruginosa, Streptococcus prneumoniae and Enterococcus
faecalis. These organisms were normalized to the same
ODy,,=1.0 and then serially diluted to obtain several con-
centrations. The concentration dependent response pre-
sented in FIG. 14 suggests that each bacterium provides a
unique curve, which can be used for its quantification.
Additionally, a single concentration was chosen to perform
hierarchical clustering analysis. The resulting dendrogram is
presented in FIG. 15 and it demonstrates that most of the
bacteria had their own population and were not separated by
large distances. There were some outliers in the data which
led to confusion of the grouping but overall, the dendrogram
suggests that it is possible to identify and quantify the
bacterial species or strain present using a spectrometer with
reasonable accuracy. The simplicity and rapid response of
the assay gives the potential of implementation in a con-
sumer product.

The above-described embodiments are intended to be
examples only. Alterations, modifications and variations can
be effected to the particular embodiments by those of skill in
the art without departing from the scope of the disclosure,
which is defined solely by the claims appended hereto.

All references cited throughout the specification are incor-
porated by reference in their entirety.
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What is claimed is:

1. A method of directly detecting a pathogen in a sample
comprising:

a) obtaining a sample suspected of containing a pathogen;

b) contacting the sample with a plurality of unmodified

metallic nanoparticles under conditions suitable to per-
mit direct association of the nanoparticles with a sur-
face of the pathogen, if present,

wherein the surface comprises teichoic acids, lipids, poly-

saccharides and/or proteins, and wherein the pathogen
is not modified prior to the contacting; and

c) assessing the direct association of the nanoparticles

with the surface of the pathogen to determine whether
the pathogen is present or absent,

wherein assessing the association of the nanoparticles

with the pathogen comprises assessing a colorimetric
property of the sample.

2. The method of claim 1, wherein the colorimetric
property is assessed visually or spectrophotometrically.

3. The method of claim 1, wherein the presence or
absence of pathogen is determined by comparing the colo-
rimetric property of the sample to a control.

4. The method of claim 1, wherein the metallic nanopar-
ticles are gold nanoparticles.

5. The method of claim 4, wherein the nanoparticles are
less than about 1000 nm, less than about 500 nm, less than
about 400 nm, less than about 300 nm, less than about 200
nm, less than about 150 nm, less than 100 nm, less than 90
nm, less than about 80 nm, less than about 70 nm, less than
about 60 nm, less than about 50 nm, less than about 40 nm,
less than about 35 nm, less than about 30 nm, less than about
25 nm, less than about 20 nm, less than about 15 nm, less
than about 10 nm, less than about 9 nm, less than about 8
nm, less than about 7 nm, less than about 6 nm, less than
about 5 nm, less than about 4 nm, less than about 3 nm, less
than about 2 nm, less than about 1 nm.

6. The method of claim 4, wherein the nanoparticles have
branches.

7. The method of claim 1, wherein the nanoparticles
comprise a mixture of two or more distinct populations of
nanoparticles.



US 10,502,732 B2

31 32

8. The method of claim 1, wherein the pathogen is 15. A method of identifying a pathogen in a sample,
bacteria. comprising:

9. The method of claim 1, wherein the sample is a a) contacting a sample suspected of containing a pathogen
non-biological sample. with a plurality of unmodified metallic nanoparticles

10. The method of claim 1, further comprising identifying 5 under conditions suitable to permit direct association of
the pathogen. the panoparticles with a surfape of thg pathogen,

11. The method of claim 10, wherein identifying com- wherein the surface comprises teichoic a01.ds, lipids, poly-
prises comparing the colorimetric property of the sample to saccharides and/or proteins, and wherein the pathogen

is not modified prior to the contacting; and
10 b) comparing a colorimetric property of the sample and/or
the pattern of nanoparticle association on the surface of
the pathogen to unique fingerprints for known patho-
gens.
16. The method of claim 15, wherein the nanoparticles
15 comprise a mixture of two or more distinct populations of
nanoparticles.

one or more positive controls containing known pathogen.

12. The method of claim 11, wherein identifying com-
prises comparing the colorimetric property of the sample, or
the pattern of nanoparticle association on the surface of the
pathogen, to unique fingerprints for known pathogens.

13. The method of claim 1, for distinguishing between
two or more different bacteria.

14. The method of claim 1, further comprising quantify-
ing the pathogen. L



